Transition metals are d block elements, which show multiple oxidation states. Transition metals have a wide variety of applications in the industrial world. Recent studies have shown a considerable increase in metal contamination all over the world due to extensive use of metals and anthropogenic activity. A significant amount of many metals including transition metals have been reported in semen and blood of occupationally exposed workers. In the biological system, transition metals are mostly conjugated to proteins, forming metalloproteins, which are part of the enzymatic system. These are an essential component of biological function, but at higher concentration they can be toxic. Transition metals can interact additively, synergistically or antagonistically and affect each other's absorption, distribution and excretion. Recent studies have shown that exposure to transition metals such as Cd, Cr, Hg, manganese, Ni, V and Zinc affects many body organs including the reproductive system. Transition metals may adversely affect male reproductive system in the terms of disruption of spermatogenesis, reduction in sperm count, motility, viability and increase in oxidative stress, inhibition of testicular steroidogenesis, serum testosterone, libido and decline in fertility. Various underlined mechanism have been proposed for such effects. The aim of this review is to provide a summary of the effects of transition metal exposure on male reproductive organs and functions.
INTRODUCTION
Transition metals are those elements whose atom has an incomplete d sub-shell, or which can give rise to cations with an incomplete d sub-shell. Because of this physical characteristic, transition metals have a wide variety of applications in the industrial world. They are the key to making different alloys, colored paints, photo reactive eye glasses, mercury thermometers and in medicines. Transition metals are also used as a catalyst in fertilizers and chemical industries.
The characteristic property of transition metal is that they have many oxidation states, due to the relatively low reactivity of unpaired d electrons. The major role of transition metal ions is in oxidation-reduction reactions. In biological systems, transition metals are mostly conjugated or bound to proteins forming metalloproteins. Most of the metals in metalloproteins are part of enzymatic systems, have structural functions, or use the protein to be transported to their target site in the organism [1] . Transition metals include trace elements that are of significance for mammalian physiology like: (i) Cobalt (Co), a component of cobalamine, or vitamin B 12 , (ii) molybdenum (Mo), an electron transfer agent in enzymes such as xanthineoxidase and sulphite reductase, (iii) vanadium (V), which is biochemically related to glucose and lipid metabolism, (iv) copper (Cu), responsible for the production of a wide range of neurotransmitters, also required for the proper function of vitamin C and iron absorption and (v) zinc (Zn), necessary for a healthy immune system [2] .
Certain transition metals like Zn, Cu, manganese (Mn), gold (Au) and nickel (Ni) play a significant role in male reproductive functioning and deficiency of these trace metals have negative impact on spermatogenesis and semen quality. Zinc is essential for the maintenance of germ cells, the progression of spermatogenesis, stabilization of the cell membrane and regulation of capacitation, acrosome reaction and sperm motility [3] . Its deficiency leads to gonadal dysfunction, decreases testicular weight, and causes shrinkage of seminiferous tubules [4] . Mn is a potent stimulator of sperm motility through the stimulation of adenylate cyclase activity [5] . It also stimulates luteinizing hormone (LH) secretion and spermatogenesis in pre-pubertal male rats and its deficiency can impair fertility and cause birth defects [6] . Gold also has been claimed to have a beneficial effect on testicular function and sperm. "Swarna bhasma" (ash of gold) has been used with good results by Ayurvedic practitioners in the treatment of infertility [7] . The role of Cu in male reproductive capacity appears to be largely unknown, but this metal appears to be involved in spermatozoa motility and it may also act at the pituitary receptors which control the release of LH [8] . Nickel is also an activator of some enzymes (dehydogenase and carboxylase). Nickel deficiency can have a negative impact on spermatogenesis and semen quality [9, 10] . Although, transition metals are essential components of biological functions, but at the same time they can be toxic at higher concentrations beyond those necessary for their physiological requirement [1] . The toxicities produced by the transition metals involve the neurotoxicity, hepatotoxicity, nephrotoxicity and reproductive toxicity [11, 12] .
Several studies indicate that the human male reproductive capacity has deteriorated considerably during the past few decades [13] [14] [15] . This decreasing trend in male fertility has led to speculation that recent environmental, dietary and/or lifestyle changes are interfering with a man's ability to produce spermatozoa [16] . Transition metals constitute an important group of environmental factor that can disturb normal functioning of male reproductive system. Studies have shown a considerable increase in transition metal contamination in relation to the worldwide distribution, anthropogenic activity and extensive use of transition metals [17, 18] . Men are, usually, exposed to transition metals through diet, air, drinking polluted water and ingestion of dust [19] . Unlike organic pollutants, metals cannot be degraded easily and accumulate throughout the food chain, producing potential human health risks and ecological disturbances [20, 21] . Increased levels of transition metal ions in blood plasma or semen appear to be significantly and positively correlated with male infertility [19, 22] .
Transition metals can interact additively, synergistically, or antagonistically and affect each other's absorption, distribution, and excretion [21, 23] . Toxic transition metals mimic essential metals and thereby gain access to and potentially disrupt key cellular function. There is increasing concern about transition metals and chemical pollutants that can act as hormonal mimics. In either case, these metals serve to disrupt the normal action of endogenous hormones and thus known as "endocrine disruptors" [24] . Hypothetically, the strength of the toxic effect of transition metals depends principally on the absorption, concentration, and its site of action. As the final toxicant metal species reacts with the endogenous target molecule such as receptors, enzymes, DNA, protein, or lipid and critically alters the biological environment, producing structural and functional changes that result in toxic damage [25] .
Toxicological studies have demonstrated that many transition metals can accumulate in testes and/or epididymis impairing their endocrine and reproductive functions [26] [27] [28] . Transition metals adversely affect spermatogenesis and can cause testicular necrosis through a direct effect on the testicular vasculature [29] [30] [31] [32] . Some transition metals also seem to have a direct effect on sperm cells by reducing their motility, viability and/or affecting their morphology [5, [33] [34] [35] [36] . Several studies reported a significant decline in serum testosterone level in exposed experimental animals [21, 37, 38] . This may be due to inhibition of the action of the steroidogenic enzymes in Leydig cells [39] .
There is growing evidences that oxidative stress is implicated in the pathogenesis of male infertility [40, 41] . Several transition metals including cadmium, chromium, mercury, nickel and platinum may increase reactive oxygen species production, decrease glutathione and other antioxidant levels, enhance the lipid peroxidation of the cell membrane, cause apoptosis, and contribute to the oxidative damage of DNA [11, [42] [43] [44] .
A summary of the findings of some important research papers published on the adverse effects of different transition metals on male reproductive system and fertility with the possible mechanism of such effects is presented in the Table 1 .
CONCLUSION
The overall result of this review provide an evidence that certain transition metals such as Cd, Cr, Hg, Mn, Mo, Ni, V and Zn may adversely affect male reproductive functions including spermatogenesis, sperm quality, secretory functions of accessory glands, libido, fertility, serum testosterone level and antioxidant defense system. Most of the reports on the reproductive toxicity of transition metals are from experimental animal studies. However, data in men are limited and insufficient to provide a quantitative dose response relationship or no-observed-adverse-effect exposure threshold. Therefore, more epidemiological studies are needed to validate the effects identified in experimental models. Findings from different studies indicated that the degree of toxic manifestation of different transition metal in animals depends on the dose, duration and route of administration. Therefore, we concur that better designed long-term studies are needed to explore the influence and effect of transition metals on reproduction and fertility in males and possible mechanism(s) of such adverse effects.
